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Abstract 


Transport  phenomena  has  been  studied  in  semiconductors  and  superconductor 
materials,  and  devices,  using  ultrafast  optical  and  electrical  signals.  Femtosecond  optical 
absorption  spectroscopy  has  been  used  to  study  the  carrier  dynamics  in  low- temperature 
epitaxially  grown  (LT)  GaAs.  Optical  techniques  have  also  been  used  to  observe  for  the 
first  time  the  ballistic  acceleration  of  electrons  from  the  bandedge  in  a  GaAs  quantum  well 
and  the  domain  formation  in  superlattices  as  well  as  excitonic  transport  in  quantum  wells. 
Using  LT  GaAs  ultrafast  electrical  signals,  less  than  1  ps  in  duration,  have  been  produced 
with  amplitude  up  to  1  KV.  These  pulses  have  a  frequency  spectrum  extending  to  1  THz 
and  have  been  used  to  study  the  physics  of  semiconductors  and  semiconductor  devices  in 
the  high-field  and  high-frequency  regime. 

Using  LT  GaAs  photoconductive  switches,  and  in  conjunction  with  the  electro¬ 
optic  sampling  we  built  an  electro-optic  analyzer  capable  of  extracting  S-parameters  of 
active  devices,  up  to  100  GHz.  These  techniques  have  been  applied  for  the  measurement 
of  the  fastest  photoconductive  response  times  of  GaAs  and  In-GaAs  epitaxially  grown  at 
200°C.  In  addition,  a  new  technique  has  been  devised  for  performing  coherent  time- 
domain  spectroscopy  of  dielectrics,  semiconductors,  and  thin-film  superconductors,  using 
terahenz  bursts  of  radiation.  The  complex  conductivity  of  high-temperature 
superconductors  has  been  measured. 

The  LT  GaAs  has  also  led  to  an  important  new  ultrafast  detector  with  a  bandwidth 
of  375  GHz  and  excellent  responsivity.  Laser  oscillators  arc  of  extreme  importance  for  our 
program.  We  have  worked  on  a  new  high-average  power,  low-noise  oscillator-based  on 
titanium  sapphire.  This  laser  is  now  producing  less  than  100  fs  with  ten  times  the  power  of 
a  colliding  pulse  mode-locked  laser  and  very  good  noise  figures. 
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Technical  Repon 


In  this  section  we  describe  some  of  the  scientific  achievements  accomplished  this 

year. 

1.  Low -Temperature  Epitaxially  Grown  (LT)  GaAs  Dynamics 

When  GaAs  is  grown  by  MBE  at  substrate  temperatures  around  200  ^C,  the  carrier 

lifetime  is  reduced  to  the  subpicoseccnd  regime.  The  most  direct  way  to  probe  carrier 

populations  is  via  optical  absorption  spectroscopy.  Femtosecond  white  light  absorption 

spectroscopy  was  used  to  probe  the  carrier  relaxation  dynamics  near  the  bandedge  of  LT 

GaAs.  The  transient  absorption  spectrum  at  the  bandedge  gave  the  carrier  lifetime  directly. 

A  series  of  LT  GaAs  samples  was  grown  at  Cornell  University,  under  various  growth 

conditions  (substrate  temperature  ranging  from  180  to  210  ^C,  and  arsenic  pressure 

ranging  from  4  x  10"^  to  1.5  x  10*^  Torr).  The  lifetime  was  found  to  be  subpicosecond  in 

all  cases,  showing  a  weak  dependence  on  the  growth  conditions.  As  expected,  the  lifetime 

decreased  with  decreasing  growth  temperature,  but  siuprisingly  increased  with  higher 

arsenic  pressure  (Fig.  1-2).  TEM  analysis  of  the  sample  microstructure  was  done  at 

Berkeley  by  Z.  Liliental- Weber  and  E.  Weber.  Our  results  appear  to  be  most 

straightforwandly  interpreted  in  terms  of  arsenic  precipitates  being  responsible  for  the 

ultrafast  lifetime.  Using  femtosecond  time-resolved-reflectance  techniques,  we  have 

measured  a  subpicosecond  (<0.4  ps)  carrier  lifetime  for  GaAs  materials  grown  at  -200°C 

0 

by  MIT  Lincoln  Laboratory  and  Cornell  University.  Using  the  Lincoln  material,  0.6-ps 
full-width-half-maximum  electrical  signals  have  been  generated  via  photoconductive 
switching  and  measured  by  both  electro-optic  and  photoconductive  sampling.  Good 
responsivity  has  been  observed,  corresponding  to  a  mobility  value  of  -120-150  cm^A^-s 
for  the  photogenerated  carriers.  The  material  is  also  semi-insulating,  making  it  an  ideal 
material  for  a  number  of  subpicosecond  photoconductive  applications. 
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Fig.  1 .  Fast  and  slow  components  of  the  carrier  lifetime  at  the  band  edge  of  LT  GaAs  as  a  function  of 
growth  temperature  (for  arsenic  pressure  =  8x1 0‘^  Torr). 
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Fig. 2.  Fast  and  slow  components  of  the  carrier  lifetime  of  LT  GaAs  for  a  fixed  growth  temperature  of 
200®C. 

2.  Time-Resolved  Ballistic  Carrier  Dynamics 

The  principal  advantage  afforded  by  optical  absorption  spectroscopy  is  that  it 
provides  the  time-dependent  energy  distribution  functions  of  the  carriers  in 
semiconductors.  We  have  extended  the  techniques  of  femtosecond  pump-probe 
spectroscopy  to  the  study  of  transport  in  GaAs  bulk  and  quantum  wells  in  high  (up  to  16 
kV/cm)  electric  fields.  In  these  experiments,  carriers  are  photo-injected  at  or  near  the  band 
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edge,  and  arc  accelerated  by  an  externally  applied  electric  field.  Initial  experiments  on  bulk 
GaAs  displayed  the  carrier  acceleration  effect,  and  showed  the  importance  of  injecting  the 
carriers  at  the  band  edge  (i.e.,  with  zero  initial  kinetic  energy). 

Experiments  on  GaAs  quantum  wells,  with  photoexcitation  resonant  with  the 
exciton,  in  the  presence  of  a  strong  electric  field  parallel  to  tlie  QW  planes,  showed  quite 
clearly  the  ballistic  acceleration  of  electrons  from  the  bandedge.  These  electrons  appear  as  a 
nonthermal  high  energy  tail  on  the  differential  absorption  spectrum  (Fig.  3).  The  time  scale 
of  the  ballistic  acceleration  was  shown  to  be  about  150  fs  (Fig.  4).  Interesting  effects  due 
to  ultrafast  exciton  field-ionization,  electron-hole  scattering,  and  electric  field  relaxation  due 
to  accelerated  space  charge  were  observed.  These  topics  are  under  further  study,  with  an 
emphasis  on  enhancing  ballistic  effects  by  using  higher  electric  fields  and  lower 
photoe.rcitation  levels.  It  should  be  noted  that  these  experiments  constitute  the  first 
observation  to  our  knowledge  of  the  ballistic  acceleration  of  electrons  in  an  externally 
applied  electric  field  in  a  semiconductor.  They  also  provide  a  novel  way  of  probing  the 
complete  dynamics  (i.e.  carrier  distributions  and  total  time-dependent  electric  field)  of 
photoconductive  switching. 


Fig.  3.  Differential  transmission  data  for  quantum  wells  in  a  strong  in-plane  electric  field,  with  carriers 
photo-injected  at  the  band  edge,  llie  high  energy  tail  at  150  fs  is  due  to  electrons  ballisucally 
accelerate  from  the  band  edge. 
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Fig.  4.  Average  energy  per  election  with  and  without  electric  field.  For  zero  field,  the  electrons  warm  up 
from  0  to  25  meV  (300  K)  in  about  1.4  ps.  With  a  strong  electric  field,  the  electrons  rapidly  gain 
energy,  followed  by  an  overshoot  due  principally  to  rapid  relaxation  of  the  total  electric  field. 

3.  Coherent  Time-Domain  Mobility  Measurement 

The  study  of  the  physics  of  transport  in  semiconductor  devices  requires  one  to  be 
able  to  measure  directly  the  time-dependent  velocity  (or,  correspondingly,  the  mobility)  of 
electrons  under  the  conditions  of  high  electric  fields  and  at  high  frequencies.  The 
experimental  challenge  is  to  rapidly  (i.e.  on  a  subpicosecond  time  scale)  apply  a  strong 
(>  10  kV/cm)  electric  field  to  the  semiconductor  structure  of  interest,  and  to  monitor  the 
response  of  the  electrons  to  the  applied  field.  In  the  past  year  we  have  begun  an  approach 
to  this  problem  using  a  "coherent  time-domain  mobility"  technique.  A  photoconductive 
switch  is  used  to  generate  a  terahertz-bandwidth  pulse,  which  propagates  down  a 
transmission  line.  LT  GaAs  is  generally  used  for  the  photoconductive  switch  material, 
since  its  unique  properties  of  high  daiic  resistivity,  high  responsivity,  and  fast  lifetime  make 
it  possible  to  generate  high-field  pulses  of  the  requisite  bandwidth.  The  structure  under 
study  is  integrated  into  the  transmission  line,  so  that  (using  electro-optic  sampling)  the 
incident,  reflected,  and  transmitted  voltage  pulses  through  the  structure  may  be  measured. 

Initial  experiments  have  been  performed  on  three  structures:  doped  bulk  GaAs, 
modulation-doped  GaAs  quantum  wells,  and  a  photo-injected  plasma  in  LT  GaAs.  In  all 
cases,  we  observe  strong  attenuation  of  the  electrical  pulse,  as  well  as  possible  phase 
shifts.  The  data  have  been  Fourier-transformed  to  look  at  the  response  in  the  frequency 
domain.  Further  experimental  refinements  are  necessary  to  minimize  the  effect  of 
reflections,  and  to  facilitate  interpretation  of  the  data.  We  have  begun  modeling  the 
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experiment,  using  transmission  line  propagation  codes  to  model  the  pulse  propagation,  and 
a  Monte  Carlo  code  to  model  the  transient  carrier  response,  in  order  to  interpret  the  data  in 
terms  of  field  and  frequency-dependent  response  of  the  carriers. 

4.  High-Voltage  Switching 

As  mentioned  previously,  LT  GaAs  has  extraordinarily  high-dark  resistivity,  and  a 
concomitantly  high- breakdown  threshold.  Nevertheless,  it  is  an  efficient  photoconductor. 
This  combination  of  properties  makes  it  uniquely  suited  to  high-voltage  photoconductive 
switching.  We  have  demonstrated  for  the  first  time  the  switching  of  kilovolt-level  pulses 
on  a  single-picosecond  time  scale  by  photoconductively  switching  an  LT  GaAs  switch. 

The  device  used  consists  of  100-mm-wide  gold  coplanar  striplines  separated  by  100 
mm  and  deposited  on  an  LT  GaAs  substrate.  These  lines  are  pulse-biased  at  1.3  kV  for 
about  400  ps  using  a  separate  4-mm  Cr:GaAs  photoconductive  switch.  An  amplified  100- 
fs  dye  laser  pulse  (of  energy  ^  1  mJ)  shorts  the  lines  together  to  produce  an  electrical 
transient,  which  is  measured  300  mm  from  the  switch  to  be  of  850- V,  1.4-ps  risetime,  and 
4-ps  duration  (implying  a  subpicosecond  rise  time  and  >  1-kV  amplitude  at  the  switch) 

(Fig.  5).  This  result  represents  the  highest  voltage  ever  switched  on  the  single-picosecond 
time  scale.  Tnis  new  capability  to  produce  picosecond  high  voltage  and  high-field  electrical 
pulses  is  of  interest  for  applications  in  fields  such  as  nonlinear  millimeter-wave 
spectroscopy,  high-field  physics,  radar,  and  ultrafast  instrumentation. 
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Optical  Energy  s  900  nJ 
Electric  Field  =  130  kV/cm 


Figures 


5.  Field  Domains  in  Superlattices 

When  a  superlattice  (SL)  is  biased  by  a  perpendicular  electric  field,  and  carriers  are 
present  in  the  SL  at  moderate  to  high  density,  the  field  inside  the  SL  will  be  nonuniform, 
and  will  consist  of  domains  characterized  by  the  alignment  of  levels  in  neighboring  wells 
leading  to  sequential  resonant  tunneling.  The  generality  of  this  phenomenon  makes  it  an 
important  topic  of  study,  since  all  devices  based  on  SL's  will  be  affected  by  domain 
formation. 

The  techniques  of  Raman  scattering  by  intersubband  transitions  and  cw  and  time- 
resolved  photoluminescence  (PL)  were  used  to  investigate  domain  formation  in  undoped 
GaAs/(Al,Ga)As  SL's,  where  the  carriers  were  generated  by  means  of  photoexcitation. 

The  Raman  results  show  a  strong  correlation  among  intersub-band  spectra,  PL,  and 
transpon  data.  In  particular,  the  intensity  of  the  electronic  scattering  strongly  decreases 
near  the  onset  of  current  plateaus  associated  with  the  disappearance  of  domain  boundaries. 
The  smooth  variation  of  the  intensity  during  the  transition  from  the  two-domain  to  the  one- 
domain  regime  suggests  that  there  is  a  deficiency  of  holes  at  the  domain  boundary.  Data  as 
a  function  of  power  density  suggest  that  resonant  tunneling  requires  alignment  of  charge- 
density  excitadon.  The  time-resolved  PL  data  provides  very  important  information  on  the 
dynamic  aspects  of  domain  formation.  The  PL  spectra  were  monitored  after  application  of 
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a  voltage  step  function  on  the  sample.  The  low  field  domain  always  appears  in  the  early 
stage  and  the  system  gradually  evolves  into  the  two-domain  regime.  Presently,  we  do  not 
have  a  complete  understanding  of  the  transient  behavior,  but  it  is  interesting  that  the 
observed  domain  formation  times  (=  60  ns)  are  significantly  longer  than  the  well-to-well 
transit  times  as  measured  in  QW’ s  of  similar  parameters. 

6.  Subpicosecond  Pulse  Propagation  &  Electro-Optic  Network  Analysis 

Since  progress  in  modem  semiconductor  device  research  has  advanced  response 
frequencies  above  400  GHz,  the  bandwidth  available  from  purely  electronic  test 
instrumentation  has  been  exceeded.  A  lack  of  convenient  and  accurate  high-bandwidth 
device  characterization  methods  imposes  a  serious  obstacle  to  progress  in  semiconductor 
device  development  and  utilization. 

We  have  combined  the  electro-optic  sampling  technique  with  the  use  of  high- 
bandwidth  coplanar  strip  transmission  lines  for  the  extraction  of  small-signal  5-parameters 
of  an  active  device.  This  technique  enables  one  to  determine  device  characteristics  to  a 
frequency  of  100  GHz  without  extrapolation.  First,  experimental  results  for  the 
propagation  of  subpicosecond  pulses  on  coplanar  structures  were  obtained  and  modeled 
using  an  algorithm  that  considered  numerous  loss  and  dispersion  mechanisms.  For 
terahertz  bandwidth  pulses,  the  modal  dispersion  and  radiation  losses  were  determined  to 
be  the  dominant  pulse-distortion  mechanisms.  This  information  allowed  us  to  generate  and 
measuifc  the  ultrashort  electrical  pulses  to  be  input  to  the  device  under  test  (DUT)  several 
millimeters  from  the  DUT,  so  that  the  incident  and  reflected  time-domain  waveforms  could 
be  time-windowed,  and  then  shift  the  measurement  plane  up  to  the  device  input. 

Included  in  the  devices  that  were  mcasun:d  was  a  0.15-mm-gate-length 
pseudomorphic  heterojunction  FET  supplied  by  General  Electric’s  Electronics  Lab.  Its 
design  is  different  from  conventional  high-electron-mobility  transistors  in  that  an 
AlGaAs/GaAs  superlatticc  is  used  below  the  channel  to  improve  carrier  confinement  An 
additional  planar  doped  layer  in  the  strained  channel  improves  charge  density,  which  more 
than  compensates  for  a  somewhat  lower  mobility.  The  fmax  ^or  this  device  was  modeled  at 
GE  to  be  in  excess  of  100  GHz, 

The  reflection  (5i  i  and  522)  and  transmission  (521  and  5i2)  5-parameters  were 
obtained  from  the  ratios  of  the  Fourier  transforms  of  the  reflected,  transmitted,  and  input 
waveforms  from  both  the  gate  and  drain  sides  of  the  device.  Thus  extracted  from  the 
measurements,  the  electro-optic  5-parameters  are  plotted  to  100  GHz  (521  is  shown  in  a 
polar  plot  in  Fig.  6,  where  x  indicates  the  conventional  rf  network  analyzer  parameters 


Transport  in  Heterostructures . . . 


Annual  Report  FY91 


8 


measured  to  40  GHz).  An  excellent  agreement  was  found  in  the  comparison  of  the  two 
measurements. 


Figure  6 

1.  Terahenz  Spectroscopy  and  High-Temperature  Superconductors 

Coherent  dme-domain  spectroscopy  is  proving  to  be  an  extremely  powerful  tool  in 
the  study  of  the  millimeter-wave  and  submillimeter-wave  properties  of  materials.  Thus  far 
it  has  been  applied  to  a  number  of  material  systems  including  dielectrics  and 
semiconductors.  This  technique,  like  more  conventional  techniques  such  as  Fourier- 
transform  infrared  (FT-IR)  spectroscopy,  is  very  broadband.  Unlike  FT-IR  spectroscopy 
this  time-domain  technique  is  a  coherent  one,  i.e.,  both  phase  and  amplitude  information 
are  obtained  directly  from  the  measurements.  Thus  far  we  have  demonstrated  coherent 
time-domain  spectroscopy  to  have  the  ability  to  accurately  measure  complex  index  of 
refraction  changes  of  less  than  2%  over  a  bandwidth  exceeding  2  THz  in  thin  samples  (0.5 
mm). 

The  terahertz  radiation  used  is  generated  by  momentarily  shorting  a  dc-biased 
photoconductive  switch  with  a  short  laser  (pump)  pulse.  This  switch  is  located  at  the  center 
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of  a  simple  dipole  antenna  imbedded  in  a  coplanar  transmission  line.  Hyperhemispherical 
dome  lenses  aid  in  the  coupling  of  the  radiation  into  the  air  and  back  onto  an  identical 
detector,  and  they  provide  coUimation  of  the  terahertz  beam.  The  amplitude  and  temporal 
profile  of  the  received  signal  is  measured  via  photoconductive  sampling.  The  addition  of  a 
continuous  flow  cryostat  has  given  us  the  ability  to  cool  samples  to  ~10  K. 

Studies  of  the  high-frequency  properties  of  superconducting  materials  based  on 
their  response  to  millimeter-  and  submillimeter-wave  electromagnetic  perturbations  are  of 
special  interest.  They  can  give  insight  into  the  nature  of  quasiparticle  excitations  and 
pairing  mechanisms,  as  well  as  a  direct  assessment  of  how  the  materials  would  perform  as 
passive  microwave  devices  (e.g.,  interconnects,  resonators,  filters,  etc.).  The  latter  is 
found  via  measurements  of  the  complex  conductivity  or  surface  impedance. 

Such  measurements  of  the  real  and  imaginary  parts  of  the  complex  conductivity  of  a 
high-Tc  superconductor  have  been  made  by  placing  a  YBa2Cu307-x  sample  deposited  on 
MgO  in  the  terahertz  radiation  between  the  antennas.  The  time-domain  response  was 
measured  as  the  temperature  was  decreased  from  above  Tc  to  below  Tc-  The  complex 
conductivity  obtained  from  the  transmitted  waveforms  is  shown  in  Fig.  7,  where,  as 
expected,  there  is  a  large  contribution  from  superconducting  paired  electrons  below  Tc,  but 
none  above  Tc. 

Considering  these  measurements  and  others  we  have  made  on  magnesium  oxide 
and  p-doped  silicon,  the  coherent  time-domain  spectroscopy  technique  should  prove  to  be 
an  indispensable  tool  for  the  assessment  of  the  terahertz  properties  of  a  wide  variety  of 
materials. 
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Figure  7 

8.  Development  of  a  375-GHz  Photodetector 

We  have  developed  a  novel  375-GHz  bandwidth  photodetector.  The  device  is 
based  on  low-temperature  epitaxially  grown  (LT)  GaAs.  The  speed  of  the  detector  is 
determined  by  the  carrier  lifetime  of  the  LT  GaAs  epilayer  which  is  -500  fs.  Its  high 
responsivity  of  O.IA/W,  on  the  other  hand,  results  from  matching  the  carrier  transit  time 
across  the  semiconductor  to  the  carrier  lifetime.  A  transit  time  of  approximately  1  ps 
corresponds  to  the  electrode  spacing  of  0.2  }im  used  in  this  preliminary  woric.  The  detector 
also  maintains  its  ultrafast  response  even  when  the  optical  pulse  energy  exceeds  10  pJ. 
Figure  1  shows  a  family  of  traces  taken  with  the  pulse  energy  spanning  nearly  three  orders 
of  magnitude.  We  see  that  with  a  pulse  energy  of  21  pJ  the  detector  is  driven  from  its  10^ 
off-state  resistance  down  to  30  Q.  This  result  highlights  the  unique  dual  functionality 
that  is  possible  with  this  picosecond  phoioswitch.  We  can  now  integrate  efficient 
detectors,  gates,  and  pulsers  and  apply  the  technique  of  semiconductor  autocorrelation  to 
measure  ultralow-intensity  optical  (or  perhaps  x-ray)  signals  of  single-picosecond  duration 
(Fig.8). 
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Figure  8 


9.  Laser  development: 

The  measurement  of  ultrafast  electrical  signals  using  the  electro-optic  sampling 
technique  or  the  detection  of  very  small  transient  absorption  changes  in  semiconductors  is 
cunently  limited  by  the  attainable  signal  to  noise  rado.  Different  complicated  ways  have 
been  explored  to  decrease  the  noise  of  femtosecond  dye  lasers/ampliiiers  cunently  used  in 
those  experiments.  In  order  to  provide  experimentalists  with  a  more  reliable  and  more 
versatile  source,  we  have  developed  a  new  femtosecond  oscillator  based  on  a  solid-state 
laser  medium:  titanium  doped  sapphire.  We  used  a  linear,  astigmatically  compensated, 
resonator  including  a  pair  of  prisms  for  group  velocity  dispersion  compensation.  This  laser 
is  pumped  by  a  cw  argon-ion  laser.  It  produces  70-fs  pulses  and  is  presently  tunable  from 
730  nm  to  890  nm.  Longer  wavelength  should  be  attainable  by  using  another  set  of 
mirrors.  The  average  power  produced  by  this  laser  is  10  to  50  times  higher  than  the  usual 
power  obtained  with  a  femtosecond  dye  laser.  We  obtained  up  to  500  mW  in  a  80-MHz 
train  of  70-90-fs  pulses.  We  have  studied  the  mode-locking  mechanism  leading  to  these 
short  pulses  and  we  believe  that  self-focusing  in  the  laser  rod  along  with  the  introduction  of 
an  aperture  in  the  cavity  makes  the  loss  of  the  cavity  higher  for  low  intensity  Gong 
duration)  pulses  than  for  high-intensity  (short-duration)  pulses.  This  phenomena  pushes 
the  laser  to  run  in  the  mode  giving  the  highest  intensity  in  the  very  short  pulse  regime. 

Since  the  laser  medium  is  solid  state  and  has  a  much  longer  upper  state  lifetime  than  this, 
the  noise  of  this  laser  is  .^uch  smaller  than  that  of  the  femtosecond  laser.  The  high-average 
power  and  the  very  good  noise  characteristics  of  these  lasers  are  very  important  in  our 
applications.  Furthermore  the  fact  that  they  are  tunable  around  800  nm  is  an  advantage  for 
semiconductor  studies. 
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